The stress field within machine components is an important indicator for contact failures. Since both thermal stresses due to frictional heating and plasticity are significant in engineering application, it is critical to predict the total stress field. In this work, the steady-state thermal effect is considered and a thermo-elastic-plastic contact model is developed. The model is applicable for rolling and/or sliding contact problem, as far as small equivalent plastic strain hypothesis is respected. Influence coefficients for surface normal displacement, temperature, and strain and stress tensors are used with the discrete convolution and fast Fourier transform algorithm. The single-loop conjugate gradient iteration scheme is also applied to achieve fast convergence speed. Simulations are presented for several academic examples ranging from elastic to thermoelastic-plastic.
INTRODUCTION
The phenomenon of contact fatigue is particularly important for the dimensioning and fatigue life assessment of rolling element bearings, gears, wheels on rail, continuously variable transmissions and cam-follower systems. The subsurface stress field due to the high contact pressure is conventionally analyzed in the elastic regime. Commercial finite element packages have been lately utilized to investigate the inelastic stress field of rolling contact but limited work has been done for three-dimensional problems. For many years the analysis of the dry contact between a rough or indented surface loaded against a flat one has also been performed with the restrictive assumption of perfectly elastic behavior. Recently, Jacq et al. [1] has proposed a semi-analytical elastic-plastic method fast enough to allow the study of a vertical or rolling loading of a smooth surface against a rough or dented one.
On the other hand, Liu and Wang [2] have proposed a thermo-elastic model taking into account both the heat transfer between the contacting bodies and the tangential effects due to friction on the surface. The plasticity in their model is considered in the form of a pressure threshold. Such an approach gives satisfactory results in terms of pressure distribution and deformed surface geometry, but is inadequate for describing the subsurface stress state when plasticity occurs.
In both models (elastic-plastic contact and thermo-elastic contact), it has been noted that the pressure distribution and the subsequent subsurface stress field are quite different from the case of purely elastic behavior. The work presented here consists of coupling these two approaches in order to develop a semi-analytical thermo-elastic-plastic code fast enough to simulate the rolling/sliding contact between two smooth and later two rough surfaces. Note that this type of study is still hardly feasible with commercial finite elements softwares. The main advantage of the semi-analytical approach over classical FE codes is that calculation time makes the transient analysis of three-dimensional contact problems affordable, including the case when a fine mesh is required to study the rolling over a surface defect. This paper presents the main features of the model and ends with some results. The theory is based on the formulation of the Betti's Reciprocal Theorem. The numerical scheme is based on the use of DC-FFT and conjugate gradient methods. For more detail the reader may refer to the full paper [3] .
MODEL OUTLINE
The model developed to solve the incremental thermoelastic-plastic contact problem is detailed in [1, 3] . The initial state may include residual strains. The thermo-elastic contact is first solved using the conjugate gradient method [2] , with any initial surface separation. The plasticity model is then used to calculate the plastic strain increment considering also the thermal dilatation strains, enabling the calculation of the residual displacement increment. The residual surface displacement increment, which is a function of the plastic strain, is then calculated and compared to the one found during the previous step. This process is repeated until the residual displacement increment converges. Plastic strains, temperature, load, contact pressure, residual surface displacement and hardening parameters are then increased by their increment to define a new initial condition for the next loading step.
The thermo-elastic-plastic algorithm requires first a solver for the thermal-elastic contact problem, in which the initial geometry may be modified to account for the permanent deformation of the surface due to residual strains. In a more conventional manner it requires also the knowledge of the elastic displacements of the surface. Finally the stress field is computed considering the contribution of the residual strains, the contact pressure distribution and the temperature field.
SOME RESULTS
Results are presented here for a circular point contact. Simulations have been performed for several academic 
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examples with elastic, elastic-plastic, thermo-elastic and thermo-elastic-plastic models. They allow illustrating the effect of plasticity and temperature induced by friction on the contact pressure distribution and on the subsurface stress state at the end of loading and after unloading.
The reference problem chosen corresponds to the contact between two spheres of radii 15 mm with one purely elastic and the other elastic-plastic. The elastic and thermal properties correspond to the reference AISI 52100 bearing steel. The hardening law is described by the Swift's law, Eq. (1), whose parameters are B = 945 MPa, C = 20, and n = 0.121. (1) The friction coefficient is here chosen small (µ f = 0.001) and thus considered negligible hence simplifying the analysis of results. The sliding speed of the adiabatic body is high resulting in a heat factor Q f ranging from 0 to 0.5 m/s. The present analysis is limited to a stationary elastic-plastic body in the steady-state regime for the thermal analysis. Figure 1 shows a comparison of the pressure distribution found with the thermo-elastic, elastic-plastic and thermoelastic-plastic analyses versus the conventional Hertz solution. The increase of the maximum pressure in the thermo-elasticplastic result is explained by the thermal displacement of the surface points which modifies the local conformity, resulting in a smaller contact radius [4] . Figure 2 presents the result of an elastic-plastic analysis for an equivalent Hertz contact pressure up to 8 GPa. The equivalent Hertz contact pressure is the maximum contact pressure predicted by the elastic analysis. The maximum of the equivalent plastic strain, ε p , which is found at the hertzian depth when the normal load exceeds the elastic limit, is given versus the equivalent Hertz contact pressure normalized by the micro-yield stress.
The yield stress considered is the micro-yield value, 1477 MPa from Eq. (2) corresponding to a proof strain of 20 x 10 -6 used to define the endurance limit of high strength steels for rolling contact fatigue applications [4] . 
The equivalent plastic strain, ε p , reaches 2% at P H /σ yield = 5.5 i.e. for a hertzian pressure P H = 8.12 GPa. It illustrates the fact that, whereas the model is limited to small plastic strains, it could be applied to a wide range of contact engineering situations. Figure 3 presents the evolution of the critical Hertzian pressure (the maximum Hertzian pressure corresponding to the load at the onset of yielding) normalized by the micro-yield stress as a function of the heat factor. First, an increase of nearly 38% of the critical Hertz pressure is found when the heat factor is increased from 0 to 0.075 m/s. This interesting trend is explained by the effect of the dilatation thermal strains that have maximum at the surface creating high thermal stresses acting opposite to the compressive stresses due to the contact load. Second, a further increase of the heat factor above 0.075 m/s produces a decrease of the critical Hertz pressure. 
CONCLUSION
The stress state after a vertical loading and after unloading has been investigated for a steady-state problem with and without frictional heating. The contribution of both plasticity and dilation thermal strains has been identified. The results presented have shown a beneficial effect of the temperature field on the subsurface stress and residual stress states, when the heat factor remains below 0.075 m/s. This phenomenon is explained by the thermal dilation strains that act to relax the stress field in the zone located between the surface and the hertzian depth, moving the area where the equivalent von Mises stress is found maximum at a depth below the conventional hertzian depth. For a higher heat factor and after a transition zone, it has been found that plasticity is mainly due to thermal dilation strains.
